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Abstract 
Air oxidation of vanadium in the reservoir of a negative electrolyte is considered a major side reaction in a vanadium 
redox flow battery (VRB) and would lead to electrolyte imbalance and loss of energy storage capacity in a long-term 
operation. In general, it can be protected by purging an inert gas (e.g., nitrogen) in the negative-electrolyte reservoir; 
however, this approach results in a complicated VRB system. Alternatively, the appropriate design of an electrolyte 
storage system could be a potential method to avoid this difficulty. In this study, the negative electrolyte solution of 
80% state of charge (SOC) is employed to investigate the mechanism and kinetic of the air oxidation of V(II) 
reactions in the negative-electrolyte reservoir. The results show that there are two mechanisms in the reservoir 
consisting of the air oxidation reaction of V(II) and the diffusion of V(II) and V(III). In addition, it is found that one 
mole of oxygen in the air completely reacts with two moles of V(II) ion. Effects of vanadium concentration in the 
electrolyte solution and ratio of electrolyte volume to air/electrolyte solution interface are studied. The correlation of 
the electrolyte volume-to-air/electrolyte solution interface ratio and the specific reaction rate constants are presented. 
The obtained information will be beneficial to design of the electrolyte reservoir in the VRB system. 
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1. Introduction 
A vanadium redox flow battery (VRB) is the energy storage system which has been increasingly 
received attention. The advantage of the VRB is that its power and energy can be distinctly designed; the 
system power is determined by the effective area of electrochemical cells, whereas the system energy is 
dependent on the electro-active species in electrolyte solutions [1]. In principle, VRB can store electrical 
energy in an electrolyte solution using electrochemical reactions. There are two electrochemical half cells 
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in the VRB: the negative and positive half cells, which are separated by an ion exchange membrane. For 
electrolyte solution, vanadium salt is dissolved in sulfuric acid solution. Because vanadium is a transition 
element, various oxidation states of vanadium are found. The redox reaction of vanadium is therefore 
occurred in both the half cells in order to charge and discharge electrical energy. 
During VRB operation, the instability of the electrolyte solution is considered a major problem. 
Operating temperatures can affect the precipitation of the electrolyte solution. Tang et al. [2] reported that 
V(II)/V(III) in an electrolyte solution are precipitated at temperatures below 5 oC and V(V) in sulfuric 
acid can be precipitated at temperatures above 40 oC. Concentration of sulfuric acid is another key factor 
for the precipitation of V(V) in the electrolyte solution [3]. In addition, V(II) ions in acid solution are 
unstable due to the presence of air (oxygen) oxidation. In VRB system, the electrolyte solution is 
generally in acid condition and thus, V(II) ions in the electrolyte solution can be immediately oxidized 
with oxygen in air. The instability of V(II) leads to an electrolyte imbalance, deceasing a capacity of the 
VRB system [4]. In addition, the precipitation of vanadium can obstruct the flow of electrolyte solution.  
In this study, the mechanism and kinetic of air oxidation of V(II) in the negative-electrolyte reservoir 
of VRB are investigated. Experimental of the VRB is divided to test the air oxidation of V(II). Effects of 
vanadium concentration in the electrolyte solution and air/electrolyte solution interface on the oxidation 
reaction rate are presented. This information can be utilized to design of the electrolyte reservoir. 
2. Experimental 
An electrolyte solution was prepared by dissolving vanadium pentoxide in sulfuric acid solution and 
then an electrolysis cell was employed to adjust the oxidation state of vanadium. The electrolyte solution 
was passed through a VRB cell. A constant current was applied to charge the VRB until the 80% SOC of 
the electrolyte solution (the maximum SOC value to avoid the risk of cell damage) was obtained. The 
negative electrolyte solution was collected to be used as an initial electrolyte solution. 
To investigate the mechanism of the oxidation reaction, a negative electrolyte solution (80 %SOC) was 
diluted until colour of the electrolyte was obviously observed. The diluted solution was filled in 10 mL of 
cylinder, which was exposed to air and thus, a color change of the diluted solution was observed. 
The reaction rate of air oxidation of V(II) was investigated by measurement of decreased V(II) ions (or 
increased V(III) ions) in electrolyte solution, which was exposed to air. To study effect of vanadium 
concentration in electrolyte solution, the negative electrolyte solution (80 %SOC and 100 mL) with 
vanadium concentration of 1.0 mol L-1 and 1.6 mol L-1 was filled in a cylinder container which had the 
area of exposed air of 48.40 cm2. The electrolyte solution was always stirred. It was collected and the 
concentration and oxidation number of vanadium were measured for every 1 hour. To investigate effect 
of air-electrolyte solution interface, the negative electrolyte solution (80 %SOC and 100 mL) with 
concentration of vanadium of 1.0 mol L-1 was filled in cylinder containers which had the area of exposed 
air of 17.35 cm2, 32.17 cm2, 48.4 cm2 and 83.32 cm2. The concentration and oxidation number of 
vanadium were measured for every 1 hour. 
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Fig. 1. Air oxidation of V(II) in a negative-electrolyte reservoir: (a) schematic diagram and electrolyte solution at (b) 0 hour, (c) 3 
hours and (d) 20 hours  
3. Results and discussion 
3.1. Reaction mechanism 
Mechanism of the oxidation reaction proceeding can be divided into two steps: (i) V(II) in electrolyte 
solution reacts with O2 in air at the air/electrolyte solution interface and (ii) V(II) and V(III) ions diffuse 
into the electrolyte solution. Under the acid condition of the electrolyte, the oxidation of V(II) and the 
reduction of oxygen are occurred. Because oxygen is strong oxidizing agent, compared with V(III) ions, 
and V(II) is powerful reducing agent, V(II) ions can be oxidized by oxygen as shown in Eq. (1). 
+ 2+ 3+
2 2O (g)+4H (aq)+4V (aq) 4V (aq)+2H O(l)                                                                    (1) 
The presence of these electrochemical reactions causes a concentration gradient of V(II) and V(III) 
ions in the electrolyte solution and the diffusion of V(II) and V(III) ions are occurred. Fig. 1(a) shows the 
reaction mechanism in the electrolyte solution. The purple colour of V(II) ions in the electrolyte solution 
can be obviously observed at the initial state (Fig. 1(b)). When the reactions are proceeding, the solution 
colour is changed to green (V(III)), especially at the air/electrolyte interface. After that, the diffusions of 
V(II) and V(III) ions due to the concentration gradient are occurred (Fig. 1(c)); V(III) is diffused from the 
air/electrolyte interface (high concentration) to the bottom (low concentration). 
3.2. Reaction kinetic 
The reaction rate of air oxidation of V(II) was investigated. A correlation of the SOC of negative 
electrolyte solution and the reaction time is studied with respect to a vanadium concentration and air-
electrolyte solution interface. Fig. 2(a) shows that the reaction rate with the vanadium concentration of 
1.6 mol L-1 is lower than that of 1.0 mol L-1. It indicates that under the O2 excess condition and the same 
effective area, the amount of V(II) ion in the lower-concentration electrolyte solution is highly consumed. 
Fig. 2(b) shows effect of the air/electrolyte solution interface area on the SOC. The SOC decreases 
with increased solution interface area. When electrolyte solution with high air/electrolyte interface area is 
used, V(II) ions are highly oxidized. The obtained data is used to determine the specific reaction rate 
constant (k').  Because the experiments are always exposed to air, an amount of O2 is assumed to be 
constant. Furthermore, the diffusion of vanadium ions is neglected due to the assumption of a well-mixed 
condition. The reduced rate of V(II) ions in the electrolyte solution can be written as:  
    2 2V v'
dC
k C
dt
a+
+- =                                                                                                                                    )4(  
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Fig. 2. Effect of (a) the vanadium concentration and (b) the air-electrolyte solution interface area on the SOC of electrolyte solution 
 
Fig. 3. Correlation of the k' constant and the ratio of electrolyte volume-to-air/electrolyte solution interface area 
Fig. 3 shows the kinetic constant as a function of the ratio of electrolyte volume-to-air/electrolyte 
solution interface area. The k' constant is utilized to design an electrolyte reservoir. A volume of an 
electrolyte tank should be chosen by considering the air/electrolyte solution interface area as well. 
4. Conclusions 
The mechanism and kinetic of air oxidation of V(II) in the negative-electrolyte reservoir of a VRB are 
studied. The results showed that the concentration of vanadium in electrolyte solution and at 
air/electrolyte interface area affects the air oxidation of V(II) reaction. To design the electrolyte reservoir 
of VRB, the air oxidation of V(II) needs to be minimized. Therefore, the reservoir should be designed 
with minimum air/electrolyte interface area. Effect of the ratio of electrolyte volume to air/electrolyte 
interface area on the oxidation rate is also studied and this information can be used to prepare the initial 
electrolyte solution for the VRB. 
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